Abstract Surprisingly, it was 30 years after the first liquefaction of 4 He in 1908 that the discovery that liquid 4 He is not just a 'cold' liquid was made. Below T = 2.18 K, it is a 'quantum' liquid which exhibits spectacular macroscopic quantum behaviour that can be seen with the naked eye. Since the observation of superfluidity in liquid 4 He is one of the greatest discoveries in modern physics, we present a day-to-day chronology of the tangled events which preceded the seminal discovery of zero viscosity in 1938 by Kapitza in Moscow and by Allen and Misener in Cambridge. On the theory side, London argued in 1938 that the microscopic basis for this new superfluid phase was the forgotten phenomenon of Bose-Einstein condensation (BEC) first suggested by Einstein in 1925. In 1941, Landau developed a very successful theory of superfluid 4 He, but it was not anchored in a microscopic theory of interacting atoms. It took another 20 years for theorists to unify the two seemingly different theories of Landau and London. Experiments on trapped superfluid atomic gases since 1995 have shone new light on superfluid 4 He. In the mid-1930s, London had emphasized that superconductivity in metals and superfluidity in liquid 4 He were similar. Experiments on trapped two-component Fermi gases in the last five years have shown that a Bose condensate is indeed the basis of both of these superfluid phases. This confirms the now famous Bardeen-Cooper-Schrieffer-BEC crossover scenario developed for superfluidity by Leggett and Nozières in the early 1980s but largely ignored until a few years ago. The study of superfluid 4 He will increasingly overlap with strongly interacting dilute quantum gases, perhaps opening up a new era of research on this most amazing liquid.
Introduction
The liquefaction of helium was achieved by Heike Kamerlingh Onnes at Leiden University on 10 July, 1908 [1] . His long and careful preparation has been compared to the energy and planning needed to climb Mt Everest. In the process, Onnes set up the first big-science laboratory within a university environment, with a team of graduate students and technical assistants.
The unexpected discovery of superconductivity in metals by Onnes in 1911 diverted attention from the remarkable properties of liquid helium and relegated it to being mainly used as a coolant for almost two decades. The first strong evidence that there was an additional phase transition in liquid helium at 2.18 K was obtained in 1928. That it was a 'superfluid' below this temperature was only discovered in 1938.
This paper covers two main topics. We first revisit the history of the dramatic discovery in 1938 of superfluidity in liquid helium (see also [2, 3] ). We then describe some of the key steps in understanding the microscopic origins of superfluidity over the next 70 years. In this historical article, I will not discuss the physics of superfluidity (see for example, [4, 5] ).
Liquid helium in Leiden before 1934
Towards the end of the 19th century, there was a race to liquefy the permanent gases in the quest for lower and lower temperatures [1] . Oxygen was liquefied in 1893. Liquid Hydrogen was produced in 1898 by James Dewar in London. This was thought to be the lowest temperature liquid, until calculations based on the law of corresponding states (based on the van der Waals equation of state) showed that liquid helium would have a lower boiling temperature. Helium, first detected in the sun (hence helios) in 1868, was collected as a gas by Ramsey in 1895. On earth, helium atoms are produced from alpha-particle decay of radioactive nuclei, as first understood by Rutherford in 1907.
The boiling temperature of liquid 4 He is 4.2 K. It is a very low density, colourless liquid. After 1908, liquid 4 He was mainly used as a 'cold liquid' to cool metals and other solids. Onnes and his co-workers discovered superconductivity in 1911, and the study of this state of matter diverted attention from exploring the unique properties of liquid 4 He. It took until 1927 before it became clear from work at Leiden that there was another, much more interesting, phase transition at 2.18 K. In 1924, Onnes and coworkers had noticed that the density changed at T = 2.18 K, well below the boiling temperature 4.2 K (Onnes died in 1926). However, it was only in 1928 that Keesom and Wolfke [6] concluded there was a phase transition at 2.18 K and introduced the terms He I and He II for the two phases. Finally, in 1932, Keesom and Clusius [7] measured the famous peak in the specific heat (with a shape like the Greek letter lambda). However, all these results only involved measurements of thermodynamic properties. No one thought to address the hydrodynamic or flow properties of this 'new liquid phase'. Keesom had noted in 1930 that the low temperature phase (He II) seemed to flow very easily through small leaks in the apparatus [1] , but mentioned this only as an experimental irritation!
Events leading up to the discovery of superfluidity: Toronto and Moscow
We first review research on liquid 4 He in Toronto in the decade 1923 -1933 . From 1900 McLennan was Head of the Department of Physics at the University of Toronto. He was awarded the first PhD in science in Canada in 1900, based on his research at Cambridge University in 1898-1900. With enormous energy, McLennan built up a research lab that was one of the best in North America (for more details about McLennan and Toronto, see [8] ).
What was the origin of research on liquid helium at Toronto, where there was no tradition of research in low temperature physics? In 1915, during WWI, McLennan was asked by Britain to make a survey of the availability of helium gas in the British Empire. The plan was to use helium gas as a safe substitute for hydrogen gas in military airships. McLennan organized teams to do this, making a careful study of gas wells in Canada and other countries. This led to setting up several helium gas extraction and purification plants in Canada. After WWI, when 4 He gas was no longer of military interest, McLennan decided to use the large supply of gas at his disposal to produce liquid 4 He at Toronto. In 1919, Leiden was still the only place in the world that could produce liquid 4 He. McLennan asked for assistance from Kamerlingh Onnes, who generously gave Toronto the detailed drawings of the Leiden liquefier and advice. The tradeoff was that McLennan arranged for Leiden to obtain a supply of helium gas, which was in short supply in Europe after WWI.
Helium gas sources were controlled by the British military, with McLennan as a scientific advisor.
On 24 Jan., 1923, one litre of liquid helium was produced at U of T, the second lab in the world to do this [8, 9] . This ushered in a decade of pioneering research at Toronto on superfluid helium and superconductors. McLennan is given credit for the first explicit observation that superfluid helium is a very strange 'fluid'. In a paper published in 1932 [10] on the scattering of light, he noted that the rapid bubbling which appears just above the transition temperature T c abruptly disappears at T c and below. Later, it was realized that this phenomenon is a dramatic effect of the appearance of superfluidity, and may be viewed as a macroscopic quantum effect (see figure 1 ). Many other people had observed this same phenomenon, but they had not felt it was important enough to even mention it! McLennan attracted many talented graduate students to work in low temperature physics. Two of these were Allen and Misener (shown in figure 2 ), who would later go to Cambridge University to work on liquid helium [2] .
We next make some brief remarks on the life of Kapitza [12, 13] . Kapitza Allen had applied to go to Cambridge in 1934 to work with Kapitza. When Allen got there in the fall of 1935, the Mond Lab was in a somewhat chaotic state [2] . However, he soon became the de-facto head of the group working using liquid helium. In 1937, Allen et al [14] published a paper on the anomalous thermal conductivity of helium II in thin capillaries, which had a big impact.
The first evidence for superfluidity was, in fact, a seminal experiment in 1935 by Misener, a young graduate student working at Toronto. This involved measuring the shear viscosity of liquid helium just below the transition temperature T c = 2.18 K from the decay of the torsional oscillations of a rotating cylinder. Misener found that the viscosity decreased sharply as one went just below T c , although it was still finite. We now know that this decrease was in the normal fluid viscosity and was related to the appearance of the superfluid component below T c , resulting in a decreased normal fluid density. This was the first evidence that He II was a new kind of liquid. The article [15] in the journal Nature reporting this was noticed by the growing low temperature community (while carried out by Misener, this work was published under the name of Burton, the head of the Toronto lab, causing some later confusion).
Misener went to Cambridge to do his PhD in the period 1936-1938. He soon started a research project with Allen, studying the viscosity of helium flowing in thin glass capillaries. As discussed in [2] , on 24 Nov., 1937, they found that liquid helium below 2.18 K showed almost zero viscosity. Their work was published as a letter in Nature on 8 Jan., 1938 [16] , following a paper by Kapitza [17] announcing the same results using a different method. These two short papers (see figure 3 ) marked the beginning of the study of quantum fluids, a field of research which continues today.
The discovery of superfluidity
Two groups independently discovered superfluidity: Allen and Misener at Cambridge University and Kapitza in Moscow (see figure 2 ). This discovery was quite unexpected and must be viewed as one of the seminal developments in modern physics. The details of this discovery are thus of special interest [2, 3] . While the low temperature community has generally given equal credit to Kapitza as well as Allen and Misener for the discovery, there has been a tendency in the larger world to give Kapitza the main credit. Kapitza was cowinner of the Nobel Prize in Physics in 1978 at age 84, with the independent work of Allen and Misener being completely ignored. I give the detailed chronology of events on the next page, including new information obtained from the private papers of both Allen and Misener. This chronology shows clearly that Kapitza, Allen and Misener were all very entangled with each other and that the Mond Lab at Cambridge also played a crucial role in Kapitza's research. There is some evidence that Kapitza let the Nobel Prize Committee (however indirectly) know that he would not accept the prize if it was to be shared with Allen. This gives the only reasonable explanation why it took 40 years before a Nobel prize was given for the discovery of superfluidity. This phenomenon is at the basis of much of modern condensed matter physics and is one of the most dramatic examples of quantum mechanics in the visible world. Kapitza's Nobel prize talk in 1978 is unique in that it does not say a single word about how he discovered superfluidity but instead discusses his much later work on hot plasmas. One hears stories from Russian physicists about Kapitza not wanting to share the Nobel Prize with Allen, but only 'off the record'. However, David Shoenberg, a close friend and student of Kaptiza, has written to the author that a Russian physicist, who knew Kaptiza well, said this story was true. Why might Kapitza refuse to share the Nobel Prize with Allen? Several plausible reasons are discussed in [2] .
A brief history of our theoretical understanding of superfluidity since 1938
It is useful to first give a one paragraph summary of BEC in the period 1938-1960 (for more details, see [19] ). first suggested that the transition at T = 2.18 K in liquid 4 He was due to the formation of a BEC of 4 He atoms. Tisza (1938) then suggested that the spectacular superfluidity effects observed in 1938 were related to the coherent motion of the Bose condensate. It took decades to 'put clothes' on this latter concept. Landau (1941) developed a very successful two-fluid theory of superfluid 4 He based on elementary excitations of the system. However, Landau's beautiful theory made no mention of BEC (or Bose statistics or even atoms!). This was puzzling for many years. In the period 1957-64, however, manybody theorists finally developed a quantum-field formalism which could be used to show how a Bose condensate was the microscopic basis of the superfluidity in liquid 4 He and of Landau's phenomenological theory. This unified the work of London, Tisza and Landau (shown in figure 4 ).
Early in 1938, London [20] came up with the idea that the phase transition at 2.18 K was related to the discredited phenomenon of Bose-Einstein condensation (BEC). Einstein's work in 1925 predicting BEC was not appreciated, partly because second-order phase transitions in general were not yet really understood before 1937. In particular, Ehrenfest and his student Uhlenbeck at Leiden erroneously argued in 1927 that Einstein's prediction of a BEC was based on an incorrect approximation of a momentum sum over discrete states by an integral.
Tisza (both London and he were working in Paris in 1938) quickly took London's BEC idea further [22] and introduced a two-fluid model in which the superfluid component was the analogue of the Bose-Einstein condensate introduced by Einstein. Tisza conjectured that it moved without friction or viscosity since it involved the coherent motion of a large number of atoms in the same single-particle quantum state.
London and Tisza were the first to talk about a quantum liquid. However, the only concrete model they had for calculations was a ideal Bose gas. Landau felt this starting point (as well as BEC) was not valid in a liquid, and developed a different approach in 1941. It would take until 1957 to realize that BEC was indeed the correct microscopic basis for superfluid helium and led to the Landau two-fluid hydrodynamic equations. Of course, if BEC in gases had been discovered in 1938 instead of 1995, the correctness of the London-Tizsa picture would have never been in question. The difference between Bose gases and liquids is shown in the following table:
Bose liquid Bose gas
Easy to measure superfluidity BEC Hard to measure BEC superfluidity 'Thinking Big' is the perceptive title of an article by Anderson [23] , who argues that London is not appreciated enough as the pioneer in understanding how quantum theory could work and be observed on the macroscopic scale. London was well ahead of his time. In contrast to Bohr and other theorists in the 1930s, London thought that quantum theory was correct at all scales and that superconductivity in metals and superfluidity in liquid 4 He were especially interesting precisely because they illustrated macroscopic quantum effects. London was a research assistant with Schrödinger in 1928 (see figure 5 ) when the latter still felt that a wavefunction might represent something 'real'. Was this the birth of London's later concept of a 'macroscopic' wavefunction? It is very fitting that the highest award in low temperature physics is the Fritz London Memorial Prize.
The two-fluid hydrodynamics of Landau [24] was based on quantizing the hydrodynamic theory of a classical liquid. Landau with great brilliance 'stitched' a new superfluid degree of freedom to the usual equations of fluid dynamics. The new quantum superfluid component had a velocity which was assumed to be irrotational and also carried no entropy. The new two-fluid hydrodynamic equations predicted a new type of hydrodynamic oscillation, called second sound, which involves an out-of-phase motion of the superfluid and normal fluid components [25] .
The structure of the Landau two-fluid equations is now realized to be universal if there is an underlying Bose condensate. The only difference between superfluid 4 He and superfluid gases is in the evaluation of the local thermodynamic functions, such as the pressure, entropy, etc. Only these quantities require a microscopic theory of the thermal excitations of the particular system of interest.
The second great contribution of Landau's paper [24] is very specific to liquid 4 He, namely he postulated bosonic phonon-roton quasiparticle excitations as a description of the normal fluid. This enabled Landau to calculate the various thermodynamic quantities that occurred in his generic twofluid equations [24, 25] . The Landau two-fluid equations with the phonon-roton quasiparticle spectrum introduced in 1947 gives a very satisfactory description of superfluid helium. The Landau theory was so successful that BEC was largely ignored in discussions about liquid 4 He. At LT conferences before the discovery of BEC in trapped Bose gases in 1995, one often heard the comment: BEC-who needs it?
However, Landau's theory is not a microscopic theory. The fact that 4 He atoms are bosons is never used. It seems clear that in 1941 Landau thought there was only 'one kind' of quantum liquid, which corresponded to the quantized hydrodynamics of a classical liquid. Our current view that BEC forms the microscopic basis of Landau's theory of superfluidity developed from work by Bogoliubov [27] and Beliaev [28] , both pictured in figure 6. Beliaev's field-theoretic approach allowed one to separate out the dynamical role of a Bose condensate even in a strongly interacting liquid like superfluid 4 He. As we have noted above, the conceptual basis for superfluidity as a consequence of a Bose condensate was settled in the period 1957-64 (for more details, see [19] ). Later this was directly confirmed by Monte Carlo calculations [34] , which showed that both the superfluid and condensate densities become finite at the same temperature T c = 2.18 K. It was a great triumph of theoretical physics, although of not much interest to the experimental community who tended to work on problems that could be solved within the Landau paradigm.
It is puzzling why Landau appears to have resisted the idea that BEC was the microscopic basis of his theory of superfluidity. However, at the end of his second great paper in 1957 on interacting Bose-condensed gases [28] , we note that Beliaev concludes with: The difference between liquid helium and a non-ideal Bose gas is only a quantitative one, and no qualitatively new phenomenon is expected to arise in the transition from gas to liquid. It is very significant that at the end of this paper, Beliaev thanks Landau for 'discussion of these results'.
Let there be light
The creation of a BEC in trapped atomic gases in 1995 [29] changed our views on BEC and its relation to superfluidity very quickly. Finally, we now had a superfluid Bose gas to compare with a superfluid Bose liquid. Figure 7 shows the key experimentalists whose work led to the discovery of BEC in trapped atomic gases.
Atomic Bose condensates involve millions of atoms all occupying the identical single-particle quantum state. They can do this because the atoms are bosons, and the exclusion principle does not hold. As a result, millions of atoms are described by a macroscopic single-particle wavefunction (r), which corresponds to a macroscopic de Broglie 'matter wave'. These matter waves describe a new kind of condensed matter, which is not a solid, liquid or a gas. At finite temperatures, however, atoms are thermally excited out of the Bose condensate to form a thermal gas of atoms, the analogue of the normal fluid in superfluid 4 He. The excitation spectrum in trapped dilute Bose gases is well described by the HartreeFock approximation (at all but the lowest temperatures), rather than the phonon-roton excitations appropriate to superfluid 4 He. This has the consequence that in dilute Bose-condensed gases, the superfluid component can be identified with the Bose condensate and the normal fluid with the thermal cloud. This means there is no 'quantum depletion' of the condensate. In fact, very recent experimental work on both atomic and molecular Bose gases is now giving us access to strongly interacting Bose-condensed gases [30, 31] which are more analogous to superfluid 4 He. Even more interesting is the recent study of superfluidity in trapped ultracold Fermi gases. The pioneering work of BCS-Gorkov on superconductivity and Beliaev on BEC has now been beautifully joined together in trapped twocomponent atomic Fermi gases. As suggested by Leggett in 1980 (shown in figure 8) , by increasing the attractive interaction between fermions, one has a smooth crossover from a standard weak-coupling BCS phase to a Bose-condensed gas of interacting bosonic molecules. A molecular BEC was first produced and detected by three groups in November 2003 [33, 35, 36] , using the fact that one can easily adjust the strength of inter-atomic interactions in Fermi gases. This allows one to move smoothly from a BCS phase to the molecular BEC phase (for more details and references, see chapter 17 of [29] ).
In 1957, Bardeen, Cooper and Schrieffer (BCS) solved the mystery of superconductivity in metals based on the formation of Cooper pairs [37] . However the initial formulation hid the essential physics, leading to the erroneous statement 'our theory is not analogous to a Bose-Einstein transition' (footnote 18 of the BCS paper). This comment led to a long delay in understanding the nature of the BCS phase. It should be noted that within a few months, Gorkov [38] showed that the BCS theory corresponded to a simple mean-field theory, but in addition to the usual Hartree-Fock terms, one had to include a novel off-diagonal mean field describing the effects of (quoting Gorkov) 'a sort of Bose condensate of Cooper pairs'. Gorkov's work in Moscow was done in close proximity to Beliaev, who was introducing the analogous formalism for Bose superfluids at the same time. However, Gorkov's comment was not picked up in the literature. In later years, Bardeen also emphasized that BCS was built on the idea of a Bose condensate of Cooper pairs (see epilogue of [26] ).
Using an atomic Feshbach-Verhaar resonance, one can easily tune the s-wave scattering length and experimentally study the BCS-BEC crossover phenomenon in trapped twocomponent Fermi gases. The molecules are weakly bound but are very stable because 3-body decay is forbidden since fermions in the same atomic hyperfine state obey the exclusion principle and hence repel each other (for further discussion, see [29] ).
The bound states in interacting Fermi gases are bosonic and hence can form a molecular BEC, just like Bose atoms can. As a result, in trapped Fermi gases, the well-known description of a Bose condensate will appear once again, except that it can now describe a Cooper pair condensate, immersed in the gas of unpaired fermions (BCS region of weak interactions) or a molecular Bose condensate (BEC region of strong interactions). The BEC phase was 'hiding' in the original BCS equations derived in 1957! In the extreme limit, all N Fermi atoms pair up to form 1 2 N bound states. This is the BEC limit of the interacting Fermi gas. It is effectively a Bosecondensed gas of 1 2 N molecules, each with mass M = 2m. What is the relation between superconductivity and superfluidity? The standard BCS equations assume that all the Cooper pairs are Bose-condensed in the zero-momentum centre of mass state. As the attractive interaction increases in strength, however, the Cooper pairs become stable twoparticle states. As the temperature is increased, more and more of these Cooper pair bound states are excited out of the condensate into states of finite (centre of mass) momentum and behave like a gas. In this improved theory, the superfluid transition corresponds to the temperature where the bound state condensate is completely depleted, just like any dilute Bose gas! Nozières was the first to calculate the superfluid transition temperature in 1985 taking this depletion into account as one passed through the BCS-BEC crossover [39] .
While I was on sabbatical at Grenoble in 1981, I remember when Nozières rushed in one day to tell us that, for a strong attractive interaction between the fermions, the BCS theory transition temperature of 1957 reduced to the BEC formula first derived by Einstein in 1925. Philippe was very excited, as he should have been! He also realized that the rival theory to BCS in 1957 due to Schafroth, Butler and Blatt [40] corresponded to the BEC side of an extended BCS theory, while the original paper by BCS [37] had only considered the BCS side in the extreme limit of very weak attractive interactions. Both kinds of superfluidity were just two faces of the same phenomenon. London would have been very happy! The Landau two-fluid equations describe the dynamics of a superfluid coupled to a normal fluid at finite temperature, which has been brought into 'local hydrodynamic' equilibrium by rapid collisions. As noted earlier, these equations are an extension of ordinary fluid dynamics described in terms of the usual hydrodynamic variables, but now include a new superfluid degree of freedom. The two-fluid equations describe collective oscillations of frequency ω with a period T only if the appropriate atomic collision time τ satisfies the local equilibrium condition:
Using a Feshbach-Verhaar resonance, we can now produce a strongly interacting Bose gas of stable molecules [31, 33, 35, 36] , which can reach local equilibrium needed for two-fluid hydrodynamics to be valid. This is the precise analogue of what Landau studied in 1941 in liquid helium. To achieve this two-fluid hydrodynamics is one of the major challenges in future research on ultracold quantum gases.
Conclusions: superfluid 4 He comes out of the cold
Since the discovery in 1938, superfluid helium has been thought to be a very unique quantum fluid. The study of dilute superfluid 3 He- 4 He mixtures never added much to our understanding of superfluidity and its relation to BEC. However, exciting recent developments (in the last five years) in trapped Bose and Fermi gases have given us new strongly interacting superfluid gases which are starting to resemble superfluid helium, with strong depletion of the condensate fraction even in a very low density gas. Superfluid helium, that most amazing fluid, now has some brothers and sisters. In 2008, it has finally come out of the cold!
